H igh-valent iron-imido (Fe n+ NR) species, which are iron-oxo (Fe n+ O) analogs, 1 have been proposed as reactive intermediates in aziridination and amination reactions.
2,3 A number of synthetic iron-imido complexes have been isolated and characterized structurally in heme and nonheme iron systems. 4 Recently, a mononuclear nonheme iron(IV)-imido complex bearing a pentadentate N4Py ligand, [(N4Py)-Fe IV (NTs)] 2+ (N4Py = (N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine; NTs = tosylimido), which is an iron(IV)-oxo analog (i.e., [(N4Py)Fe IV (O)] 2+ ), 5 was successfully synthesized and investigated in the CH bond activation and nitrene transfer reactions. 6 However, to the best of our knowledge, high-valent iron(V)-imido complexes have not been reported in nonheme iron models. Encouraged by the previous report of the iron(V)-oxo complex bearing a tetraamido macrocyclic ligand (TAML), [ ) and 915 nm (ε = 2200
) ( Figure 1a ). Cold-spray ionization time-of-flight mass spectrum (CSI-MS) of 1 in negative mode exhibited a prominent ion peak at m/z of 595.1, whose mass and isotopic distribution patterns correspond to [(TAML)Fe ( NTs resulted in one mass unit shift from m/z 595.1 to 596.1 (Figure 1a , inset), indicating that 1 contains an NTs group. X-band EPR spectra of 1 displayed an isotropic signal at g = 2.00 in CH 3 CN and the anisotropic signals with g xx , = 2.04, g yy = 2.00, and g zz = 1.96 in butyronitrile ( Figure S2 ), indicating a low-spin (S = 1/2) state of an iron(V) ion, as reported in the iron(V)-oxo analog,
The resonance Raman (rR) spectrum of 1, upon 441.6 nmexcitation in CH 3 CN at −40°C, exhibited an isotopically sensitive doublet feature centered at 817 cm −1 ( Figure S3 ), which shifted to a new doublet centered at 796 cm (Table S1 ). The rR data indicate that the iron and nitrogen bond in 1 possesses double bond character (vide infra), as shown in mononuclear nonheme iron(IV)-oxo complexes with ν(FeO) vibrations in the rage of ∼810−840 cm −1 . 8 It is worth noting that iron-imido complexes with a pseudotetrahedral geometry and C s symmetry show FeN stretching vibrations at >1000 cm −1 with short FeN bond distances (∼1.63 Å) and nearly linear FeNR angles (vide infra), though it should be noted that these geometric parameters are dependent on the electronic structure and spin state of the complexes in addition to their coordination number. 4, 9, 10 Mossbauer data were collected on three 57 Fe samples of 1 at 6 K, as shown in Figures 1b and S4. Although there was a degree of variability to these samples due to instability, the three data sets could be simultaneously fit to variable amounts of the same two species with parameters δ = −0.40 mm/s and ΔE Q = 3.83 mm/s and δ = −0.09 mm/s and ΔE Q = 3.23 mm/s, respectively; those are consistent with the XAS data on parallel samples (vide infra). The parameters for the latter component, which comprised 15−30% of the Mossbauer spectrum, are identical to those measured for the decay product of 1 ( Figure  S5 ). The parameters for the former component, accounting for 70−85% of the spectrum, are very similar to those previously reported for [(TAML)Fe
− (e.g., δ = −0.42 mm/s and ΔE Q = 4.25 mm/s), 7a leading us to assign the formal oxidation state of +5 for the iron ion in 1.
X-ray absorption spectroscopy (XAS) data were also collected on these three different 57 Fe samples having different amounts of 1 and its decay product (Figures 2, S6−S10, and Table S2 ). The normalized X-ray absorption near-edge Figure S7 ). 7a The normalization procedure is explained in the SI. The lower pre-edge intensity for 1 vs [(TAML)Fe
− reflects its weaker axial bonding (vide infra). Direct evidence for the iron-tosylimido unit is found in the analysis of the extended X-ray absorption fine structure (EXAFS) region (Figures 2b and S10 ). Varying the first shell at 0.70−0.85 N scatterer (determined from Mossbauer), the fits across all data sets give an FeN bond length of 1.65 ± 0.04 Å (Table S3 ). This is longer than the FeO bond length of 1.58 Å found for [(TAML)Fe V (O)] − , 7a which leads to less Fe 4p mixing in the unoccupied orbitals of 1 and decreased pre-edge intensity. Two other shells showed four N/O scatterers at 1.87 Å and eight C scatterers at 2.84 Å, consistent with low Z atoms from the TAML ligand (Table S3 ) and similar to the fit for
The fit also found an S scatterer at 2.95 Å, consistent with the tosylimido group binding to the iron. Full fit parameters for the different samples are given in Table S4 .
Density functional theory (DFT) calculations were used to correlate to the above data and further define the electronic structure of 1. 1 and [(TAML)Fe V (O)] − for calibration Figure S7 ) (green line). Inset shows the expansion of pre-edge region. (b) Fourier transform of 1 (black line) with fits (blue line). Raw EXAFS data are in Figure S10 . The EXAFS data were fit with 30% Fe IV decay, consistent with parallel Mossbauer data. Inset shows the DFT-optimized structure of 1.
purposes were geometrically optimized on the S = 1/2 surface using the BP86 and B3LYP functionals in combination with the 6-311G+(3df) basis set on Fe and the tosylimido N and the 6-311G basis set on all other atoms. 11 Further computational details can be found in the SI. Table S1 summarizes the results of these calculations and the comparison with the relevant experimental data. The BP86 calculation gives the best agreement with experiment. The electronic structure ( Figure  S13) 2+ complex has a more linear calculated FeN S angle (152°) relative to 1 (126°), due to its additional ligand trans to the NTs (see the SI for details). This trans ligand interacts with the Fe d z2 orbital, making it less available for σ type bonding with the NTs in the bent structure, leading the Fe IV complex to adopt a more linear structure that has π rather than σ overlap between the Fe and NTs ( Figure S18) . Thus, the lack of a trans axial ligand in 1 allows a more bent FeN S unit that replaces an FeN π bond with a stronger σ bond relative to the Fe IV complex (see the SI for more details). Note that this bending is not a Jahn−Teller (J-T) distortion: in the ∼C 4v symmetry of 1 with the FeNS angle constrained at near linear (13 kcal/mol higher in energy than the freely optimized structure), the ground state is 2 E and a J-T distorting mode would have to have a symmetry that is contained in the symmetric direct product of E × E (= A 1 + B 1 + B 2 ). The normal mode associated with bending of the FeNS unit has E symmetry and is not J-T active.
The reactivity of 1 was investigated in CH bond activation and nitrene transfer reactions. Addition of xanthene to a CH 3 CN solution of 1 resulted in the disappearance of the absorption bands at 595 and 915 nm due to 1 (Figure S19 ). The first-order rate constants increased linearly with the increase of xanthene concentration ( Figure S20 ), giving a second-order rate constant (k 2 ) of 4.7(4) M −1 s −1 at 15°C. A kinetic isotope effect (KIE) value of 11(1) was determined in the oxidation of xanthene and xanthene-d 2 by 1 ( Figure S21) ; a KIE value of 11 (1) 7d We also determined second-order rate constants in the oxidation of other substrates, such as 9,10-dihydroanthracene (DHA), indene, and fluorene ( Figure S20 and Table S5 ). As shown in Figure 3a , a good linear correlation between the reaction rates and the CH bond dissociation energies (BDEs) of substrates was obtained. On the basis of the observations of the large KIE value and the good correlation between the reaction rates and the CH BDEs of substrates, we propose that a hydrogen atom (H atom) abstraction from the CH bonds of substrates by 1 is the rate-determining step (r.d.s.) in the CH bond activation reactions, as also observed in the CH bond activation of hydrocarbons by its iron(V)-oxo analog, [(TAML)Fe
7d Product analysis of the fluorene oxidation by 1 revealed that the oxidized product of fluorene was fluoreneN(H)Ts as a major product (∼90% yield) and the reduced product of 1 was the starting [Fe
III (TAML)]
− complex ( Figure S22 ). We therefore conclude that the amination reaction by 1 occurs via a H atom abstraction of substrates to give the aminated product and the starting [Fe III (TAML)] − complex (see Scheme 2, reaction (i)).
1 was also shown to transfer its NTs group to thioanisole and para-X-substituted thioanisoles (X = OMe, Me, and Cl). The k obs of the sulfimidation reaction was determined by pseudofirst-order fitting of the decay of 1 monitored at 595 and 915 nm ( Figure S23a ). The k obs value increased linearly with increasing thioanisole concentration, affording a k 2 value of 2.6(2) × 10 −2 M −1 s −1 at 15°C ( Figure S23b and Table S6 ). The product analysis of the thioanisole oxidation by 1 revealed the formation of PhS(NTs)CH 3 (∼85% yield). In addition, on the basis of spectroscopic characterization of the decay product of 1 using UV−vis, X-band EPR, and ESI-MS ( Figures  S23a and S24 Figure 3 . (a) Plot of log(k 2 ′) against CH BDE of substrates for the reactions of 1 (Table S5) . (b) Hammett plot of log(k rel ) against σ p of para-substituted thioanisole derivatives in the nitrene transfer reaction of 1 with thioanisole derivatives in CH 3 CN at 15°C (Table S6 ).
products (Scheme 2, reaction (ii). The electrophilic character of the iron(V)-imido complex was also demonstrated by the ρ value of −1.8 in the sulfimidation reaction of para-X-substituted thioanisoles by 1 (Figure 3b ). In the reactivity studies, we have shown that the iron(V)-imido complex is capable of CH bond activation and nitrene transfer reactions. In summary, we have reported the first synthetic mononuclear nonheme iron(V)-imido complex that is capable of CH functionalization of hydrocarbons and the sulfimidation of sulfur-containing substrates. 1 is more reactive than [(N 4 Py)Fe IV (NTs)] 2+ in CH functionalization, 6c which is expected for such an electrophilic reaction given the higher effective charge on the Fe. However, interestingly, 1 is less reactive than [(N 4 Py)Fe IV (NTs)] 2+ in sulfimidation, 6c which is also an electrophilic reaction. Future studies will focus on understanding this difference in reactivity, defining the detailed mechanism of the CH bond activation reaction (e.g., nitrogen rebound versus nitrogen nonrebound parallel to oxygen reactivity in nonheme metal-oxo systems), 12 and understanding the reactivity differences between nonheme iron(V)-imido complexes and their iron(V)-oxo analogs in C H bond activation, nitrene group versus oxygen atom transfer, and electron transfer reactions.
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